The adhesive strengths between sol-gel fabricated hydroxyapatite (HAp) films and Ti29Nb13Ta4.6Zr alloy (TNTZ) were evaluated before and after immersion in Ringer's solution at 310 K for 7 d. The effect of the surface morphology of TNTZ on the adhesion of HAp films was also investigated. The fracture surfaces after adhesion tests were observed and fracture areas at the interface between HAp films and TNTZ were also evaluated before and after immersion in Ringer's solution. No significant differences in the adhesive strengths between HAp films and TNTZ disks with mirror-polished and mechanically polished surfaces were found. The fracture area at the interface between HAp film and mirror-polished TNTZ disk increases after immersion in Ringer's solution, whereas no fracture occurs at the interface between HAp film and mechanically polished TNTZ disk before and after immersion in Ringer's solution. It is supposed that Ringer's solution penetrates along the cracks that are formed in the HAp films during calcination and the regions with weak adhesion between HAp and TNTZ are connected during immersion in Ringer's solution in the case of HAp films fabricated on mirror-polished TNTZ. From these results, it is found that a relatively rougher surface is effective in improving the adhesion of HAp films fabricated on TNTZ before and after immersion in Ringer's solution.
Introduction
Titanium (Ti) and Ti alloys have been commonly used as materials for biomedical applications, such as bone prosthesis and dental implants, because of their good mechanical properties, high corrosion resistance, and biocompatibility in comparison to other metallic biomaterials. 1, 2) Especially, Young's modulus is a very important factor when Ti and Ti alloys are employed for load bearing implants. The higher Young's modulus of metallic biomaterials than that of the bone gives rise to the stress shielding effect that is the phenomenon of bone weakening because the load transfers preferentially through the implant made of the metallic biomaterials. 1, 2) The ¢-type Ti alloy Ti29Nb13Ta4.6Zr alloy (TNTZ) has been developed in order to achieve a low Young's modulus (³60 GPa).
3) The Young's modulus of TNTZ is lower than that of stainless steel (³180 GPa) and Ti6Al-4V ELI (³110 GPa), which are conventional alloys for biomedical applications. 4) In addition, TNTZ consists of nontoxic and non-allergenic elements. Thus, TNTZ is a very suitable Ti alloy for implant devices.
Although Ti and Ti alloys exhibit excellent hard-tissue compatibility attributed to osseointegration, 5, 6) it takes a long time to achieve the remodeling of the bone on the surface of Ti and Ti alloys. Therefore, to improve the hard-tissue compatibility of Ti and Ti alloys, various surface treatments have been developed for the formation of inorganic layers which exhibit the desired high hard-tissue compatibility. The most common way for providing the high hard-tissue compatibility is coating of hydroxyapatite (HAp: Ca 10 (PO 4 ) 6 -(OH) 2 ) on the surface of metal, which is a component of human bone. HAp films have been fabricated by various dry and wet processes, such as plasma spraying, 710) thermal spraying, 11) sputtering, 12, 13) chemical vapor deposition, 14) the sol-gel method, 1518) and others. Among these processes, the sol-gel methods achieves good adhesion of HAp films on the surface of implants made of Ti and Ti alloys, for which a long-term usage is required. The adhesive strength of HAp films on the surface of implants have been evaluated by various methods according to ASTM C633, 9) ASTM F1147-05, 7) and ISO 4624. 11) There are many researches who have studied on the adhesive strength of HAp films, but only few researches have studied on the effect of the body environment on the adhesive strength of HAp films. Water, inorganic ions, and proteins present in the human body may lead to the deterioration of HAp films. Thus, the investigation of the effect of the body environment on the adhesive strength of HAp films fabricated on the surface of the metallic implant is very important for biomedical applications. The adhesion between sol-gel fabricated HAp films and TNTZ before and after immersion in Ringer's solution was evaluated in this study. In addition, the effect of the surface morphology of TNTZ on the adhesion of the sol-gel fabricated HAp films was also investigated.
Experimental Procedure

Preparation of TNTZ disks and evaluation of their
surface morphologies A hot-forged bar of TNTZ (Nb: 29.2, Ta: 13.0, Zr: 4.66, C: 0.011, O: 0.076, N: 0.007, and Ti: balance; mass%) with a diameter of 24 mm was used as raw material. For this raw material, the thermomechanical treatment schematically shown in Fig. 1 was carried out. Namely, the original TNTZ bar was transformed into a square bar of 15 mm © 15 mm by hot forging at 1273 K in argon atmosphere, followed by air cooling. The hot-forged TNTZ bar was hot-rolled to a diameter of 12 mm, again at 1273 K in argon atmosphere and followed by air cooling. The hot-rolled bar was machined +1 into a diameter of 10 mm using a lathe. After machining, a solution treatment was performed on the TNTZ bar at 1063 K, which is 50 K above its ¢-transus temperature of TNTZ, for 3.6 ks in vacuum, followed by ice-water quenching. After the solution treatment, TNTZ disks of 10 mm in diameter and 2 mm in thickness were cut from the TNTZ bar. The TNTZ disks were wet-polished using waterproof abrasive papers of up to #4000 grit and then buffpolished with a colloidal silica dispersion. Some of the mirror-polished TNTZ disks were polished using an waterproof abrasive paper of #600. These TNTZ disks are denoted by mechanically polished TNTZ disks hereinafter. After polishing, the TNTZ disks were cleaned ultrasonically in acetone for 10 min. The surfaces of mirror-polished and mechanically polished TNTZ disks were observed using a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscope analyzer (EDS) and atomic force microscope (AFM). In addition, the crosssectional profiles of these TNTZ disks were observed and their surface roughness was determined using an AFM.
Fabrication of hydroxyapatite films
HAp films were fabricated on mirror-polished and mechanically polished TNTZ disks by a sol-gel process. 17) Deionized water was added to the mixture of 5.2 mL of triethyl phosphate and 11.47 mL of dehydrated ethanol at a [water]/[P] molar ratio of 12 under N 2 atmosphere and, then, the precursor solution was stirred for 3 d. Calcium nitride tetrahydrate in dehydrated ethanol was added to the precursor solution at a stoichiometric [Ca]/[P] ratio of 1.67 and subsequently stirred for 1 h. After that, the precursor solution was kept for 5 d at room temperature. The precursor solution was spin-coated onto TNTZ disks at a rotation speed of 6500 rpm, followed by drying at 353 K for 2 h and subsequent calcination at 823 K for 2 h in the atmosphere.
Analysis of fabricated hydroxyapatite films
The phase constituents of the calcined films were identified using an X-ray diffraction (XRD). Cu K¡ radiation was employed as X-ray source. The voltage and the current were 40 kV and 150 mA, respectively. The observation and analysis of the surface was performed using an SEM. The accelerating voltage was 15 kV. Some of the samples were immersed in Ringer's solution at 310 K for 7 d in an incubator. The surface of the HAp films fabricated on the TNTZ disks before and after immersion in Ringer's solution was observed using an SEM.
Adhesion tests
The adhesive strengths of HAp films fabricated on mirrorpolished and on mechanically polished TNTZ disks were evaluated by adhesion tests according to ASTM F 1147-05. 7) Schematic drawings of the tools used for the adhesion tests are schematically shown in Fig. 2 . The samples were fixed between stainless steel rods (º10 mm) at an applied load of 0.138 MPa using a polymethylmethacrylate-based commercial dental adhesive (Super-bond, Sun Medical Co., Ltd., Japan). The samples and rods were set in the Instron-type testing machine with a maximum load capacity of 20 kN and pulled vertically with a cross-head speed of 4.17 © 10 ¹5 m·s ¹1 . The adhesive strength (·) was calculated using the following equation:
Where F and A are the total load applied until fracture occurs and the contact area between the TNTZ disk and the rod, respectively. The tensile strength of the adhesive, which indicates the upper limit of the present adhesion tests, was also measured by fixing the mechanically polished TNTZ disk between the rods using this adhesive. The result is 29.7 « 3.5 MPa (around 30 MPa). A statistical analysis of the adhesive strength was carried out by means of Student's t-test.
Fracture surface analysis
After the adhesion test, the fracture surfaces of both sides of the samples were observed by SEM and analyzed by EDS. Carbon was deposited on the fracture surfaces to prevent charging-up. The fracture area at the interface between HAp and TNTZ was evaluated by using Image J.
19) The fracture area was defined as the area where fracture occurred, normalized by the whole area of the TNTZ disks. A statistical analysis of the fracture area was carried out by means of Student's t-test. Figure 3 shows SEM and AFM images of surfaces of the mirror-polished ((a), (c)) and the mechanically polished 3.2 Phase constituents and surface morphologies of hydroxyapatite films A typical XRD pattern of the HAp film fabricated on the mirror-polished TNTZ disk by the sol-gel process is shown in Fig. 4 . The peak at around 38°corresponds to the (110) plane of ¢-Ti. The peaks attributed to HAp are present at around 26°and 3236°. Thus, it is confirmed that HAp is successfully formed on the TNTZ disk. Similar HAp was also obtained in the case of fabrication on the mechanically polished TNTZ disks. A peak attributable to CaCO 3 is also present in the XRD pattern of the HAp film. In addition, the peaks attributed to TiO 2 , which was formed by oxidation of the surface of the TNTZ disk during calcination, are also observed in the XRD pattern. Evaluation
Results and Discussion
Surface morphologies of mirror-polished and mechanically polished TNTZ disks
film on the mirror-polished TNTZ disk ( Fig. 5(a) ), the surface of HAp film has less asperity in comparison with the HAp film fabricated on the mechanically polished TNTZ disk ( Fig. 5(b) ). Many cracks are observed at the edge part of the surface of the HAp film deposited on the mirror-polished TNTZ disk as shown in Fig. 5(c) . It is supposed that these cracks are generated during the calcination process. In the case of the HAp film being fabricated on the mechanically polished TNTZ disk, the surface asperities of the center part of the disk remain because the HAp film is thin and covers the surface of the TNTZ disk along its asperities (Fig. 5(b) ).
On the other hand, surface asperities are hardly observed at the edge part of the HAp film fabricated on the mechanically polished TNTZ disk ( Fig. 5(d) ). The average thicknesses of the HAp films fabricated on the mechanically polished TNTZ are about 575 nm and 649 nm at the center and the edge parts, respectively. Cracks are also observed at the edge part of the HAp film fabricated on the mechanically polished TNTZ disk. Figure 6 shows the adhesive strengths of HAp films fabricated on the mirror-polished and the mechanically polished TNTZ disks before and after immersion in Ringer's solution at 310 K for 7 d. As stated above, the average tensile strength of the adhesive is around 30 MPa, which represents the limit value of the adhesive strength measurable by this test. The average adhesive strengths of the HAp films fabricated on the mirror-polished TNTZ disk before and after immersion in Ringer's solution are about 16.0 MPa and 21.5 MPa, respectively. On the other hand, the average adhesive strengths of the HAp films fabricated on the mechanically polished TNTZ disks before and after immersion in Ringer's solution are about 23.2 MPa and 21.2 MPa, respectively. Therefore, these values show no significant differences ( p > 0.05). Thus, there is no difference in the adhesive strength of HAp films with different surface morphology. Moreover, the adhesive strength exhibits similar values before and after immersion in Ringer's solution at 310 K for 7 d.
Adhesive strengths of hydroxyapatite films
3.4 Fracture surfaces of hydroxyapatite films after adhesion tests As schematically shown in Fig. 7 , four types of fractures may occur as a result of the adhesion tests: fracture inside the adhesive (Fig. 7(a) ), fracture at the interface between adhesive and HAp ( Fig. 7(b) ( Fig. 7(c) ), and fracture at the interface between HAp and TNTZ ( Fig. 7(d) ). Fracture occurs at the weakest part of a sample. If the interaction between the adhesive and HAp is weak, fracture occurs easily at the interface. Therefore, the selection of a suitable adhesive is important. Actually, the occurring fracture is a combination of the four different fracture types as already shown in Fig. 7 . The fracture type is identified on the basis of EDS maps of C, Ca, and Ti of the fracture surfaces of the sample and opposite sides. For example, if C is detected at both sides of the sample, this region corresponds to fracture inside the adhesive, as already schematically shown in Fig. 7(a) . The region where Ca is detected at the sample side and C is detected at the opposite side corresponds to fracture at the interface between adhesive and HAp ( Fig. 7(b) ). On the other hands, if Ca is detected at both sides of the sample, this region corresponds to fracture inside the HAp (Fig. 7(c) ). Fracture occurs at the interface between HAp and TNTZ if Ti is detected at the fracture surface of the sample side and Ca is detected at the opposite surface, as already schematically shown in Fig. 7(d) . Figure 8 shows the fracture surfaces and corresponding EDS maps of sample ((a), (c)) and opposite sides ((b), (d)) of an HAp film on the mirror-polished TNTZ disk before ((a), (b)) and after the immersion in Ringer's solution ((c), (d)) after the adhesion tests. Regions in which C is detected at both sides and regions in which Ca is detected at the sample side and C is detected at the opposite side are observed for the majority of the fracture surfaces before and after immersion in Ringer's solution. This result suggests that most parts of the samples are fractured inside of the adhesive or at the interface between adhesive and HAp film, which causes no significant differences in the adhesive strength before and after immersion in Ringer's solution, as already shown in Fig. 6 . Regions in which Ca is not detected at the sample side and Ca is detected at the opposite side are also present before and after immersion in Ringer's solution. Fracture at the interface between HAp film and mirrorpolished TNTZ disk also occurs.
The fracture surfaces of sample ((a), (c)) and opposite sides ((b), (d)) of a HAp film deposited on the mechanically polished TNTZ disk before ((a), (b)) and after immersion in Ringer's solution ((c), (d)) are shown in Fig. 9 . Like in the case of the HAp film on the mirror-polished TNTZ disk, regions corresponding to fracture inside the adhesive and at the interface between adhesive and HAp film are observed for most parts of the samples before and after immersion in Ringer's solution. However, the observed regions in which Ca is detected at both sides of the fracture surface indicate that fracture occurs inside of the HAp film. No region corresponding to fracture at the interface between HAp film and the mechanically polished TNTZ disk is present. Fracture mainly occurs inside of the adhesive or at the interface between the adhesive and the HAp film. Therefore, there are no significant differences in the adhesive strengths before and after immersion in Ringer's solution. In addition, the adhesive strengths show no difference in comparison to those of the HAp films fabricated on the mirror-polished TNTZ disks before and after immersion in Ringer's solution.
In order to evaluate the adhesion of HAp films deposited on the mirror-polished and the mechanically polished TNTZ disks, the fracture areas at the interface between HAp and TNTZ were measured on the basis of SEM images before and after immersion in Ringer's solution. Figure 10 shows binary images of representative fracture surfaces of HAp films fabricated on mirror-polished TNTZ before and after immersion in Ringer's solution. The samples are fractured at the interface between HAp and TNTZ before and after immersion in Ringer's solution, reflected by the white regions in Fig. 10 , whereas the black regions indicate the other fracture types as shown in Fig. 7(a), (b) and (c) .
The average fracture areas at the interface between HAp films and the mirror-polished and mechanically polished TNTZ disks are shown in Fig. 11 . The average fracture areas at the interface between HAp films and mirror-polished TNTZ disks before and after immersion in Ringer's solution are about 3.9% and 23%, respectively, revealing a significant increase after immersion in Ringer's solution. As already shown in Fig. 9 , no fracture at the interface between HAp film and the mechanically polished TNTZ disk is observed, both before and after immersion in Ringer's solution. These results indicate that the HAp film on the mechanically polished TNTZ disk exhibits greater adhesion in comparison with the HAp film on the mirror-polished TNTZ. The average adhesive strength between HAp film and the mechanically polished TNTZ is more than around 20 MPa and is maintained at the same level even after immersion in Ringer's solution as shown in Fig. 6 . On the other hand, the adhesive strength of the HAp film fabricated on the mirror-polished TNTZ is lower than that of the HAp film fabricated on the mechanically polished TNTZ because a fracture occurred at the interface between HAp and TNTZ. The higher surface roughness increases the adhesive strength of the HAp film. It is supposed that anchor effect caused by surface asperity works to increase the adhesive strength of HAp film.
As already shown in Fig. 10 , the fracture at the interface between HAp and TNTZ most occurs at the edge and middle parts of the HAp films after immersion in Ringer's solution. occur in the HAp film fabricated on mechanically polished TNTZ.
Conclusions
A biomedical ¢-type titanium alloy, Ti-29Nb-13Ta-4.6Zr alloy (TNTZ), was coated with HAp through a sol-gel and a spin coating process in order to improve its hard-tissue compatibility. The adhesive strengths of HAp films fabricated on mirror-polished and on mechanically polished TNTZ were evaluated by adhesion tests according to ASTM F1147-05 before and after immersion in Ringer's solution at a temperature of 310 K for 7 d. Images of the fracture areas of HAp films at the interface between HAp and TNTZ were taken by SEM and C, Ca, and Ti elemental maps were acquired by EDS. The following results were obtained. (1) For most parts of the samples, fracture of the HAp films occurs inside of the adhesive and at the interface between adhesive and HAp, which leads to no significant differences in the adhesive strengths of the HAp films fabricated on mirror-polished and mechanically polished TNTZ before and after immersion in Ringer's solution. (2) The fracture area at the interface between HAp and mirror-polished TNTZ increases from 3.9% to 23% after immersion in Ringer's solution. On the other hand, no fracture occurs at the interface between HAp and mechanically polished TNTZ before and after immersion in Ringer's solution. These results suggest that HAp films fabricated on mechanically polished TNTZ exhibit greater adhesion than that on mirror-polished TNTZ. In addition, it is found that the measurement of the fracture area is important to evaluate the adhesion of HAp films. 
